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Abstract
Substantial gains in muscle strength and hypertrophy are clearly associated with the routine
performance of resistance training. What is less evident is the optimal timing of the resis-
tance training stimulus to elicit these significant functional and structural skeletal muscle
changes. Therefore, this investigation determined the impact of a single bout of resistance
training performed either in the morning or evening upon acute anabolic signalling (insulin-
like growth factor-binding protein-3 (IGFBP-3), myogenic index and differentiation) and cat-
abolic processes (cortisol). Twenty-four male participants (age 21.4±1.9yrs, mass 83.7
±13.7kg) with no sustained resistance training experience were allocated to a resistance
exercise group (REP). Sixteen of the 24 participants were randomly selected to perform an
additional non-exercising control group (CP) protocol. REP performed two bouts of resis-
tance exercise (80% 1RM) in the morning (AM: 0800 hrs) and evening (PM: 1800 hrs), with
the sessions separated by a minimum of 72 hours. Venous blood was collected immediately
prior to, and 5 min after, each resistance exercise and control sessions. Serum cortisol
and IGFBP-3 levels, myogenic index, myotube width, were determined at each sampling
period. All data are reported as mean ± SEM, statistical significance was set at P0.05. As
expected a significant reduction in evening cortisol concentration was observed at pre (AM:
98.4±10.5, PM: 49.8±4.4 ng/ml, P<0.001) and post (AM: 98.0±9.0, PM: 52.7±6.0 ng/ml,
P<0.001) exercise. Interestingly, individual cortisol differences pre vs post exercise indicate
a time-of-day effect (AM difference: -2±2.6%, PM difference: 14.0±6.7%, P = 0.03). A time-
of-day related elevation in serum IGFBP-3 (AM: 3274.9 ± 345.2, PM: 3605.1 ± 367.5, p =
0.032) was also evident. Pre exercise myogenic index (AM: 8.0±0.6%, PM: 16.8±1.1%) and
myotube width (AM: 48.0±3.0, PM: 71.6±1.9 μm) were significantly elevated (P<0.001) in
the evening. Post exercise myogenic index was greater AM (11.5±1.6%) compared with
PM (4.6±0.9%). No difference was observed in myotube width (AM: 48.5±1.5, PM: 47.8
±1.8 μm) (P>0.05). Timing of resistance training regimen in the evening appears to augment
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some markers of hypertrophic potential, with elevated IGFBP-3, suppressed cortisol and a
superior cellular environment. Further investigation, to further elucidate the time course of
peak anabolic signalling in morning vs evening training conditions, are timely.
Introduction
Throughout a 24-hour period skeletal muscle force production varies; based on endogenous
fluctuations described as the ‘circadian rhythm’ [1–4]. Evening peaks in muscular strength are
apparent, with enhanced hormonal concentrations, neural activation, body temperature and
reaction times all contributing to performance [5–7]. However, optimal evening physical per-
formance appears not to transfer in the rates of muscular strength and hypertrophy adaptation
[8, 9]. To date only one other investigation has studied time-of-day effect on muscle hypertro-
phy, though the mechanisms behind such adaptation were not identified [8].
Compared with morning (AM, 0800hrs) muscle contractile properties (muscular strength
or force production) are enhanced in the evening (PM, 1800hrs) [10–13]. However, no differ-
ences in muscular strength and hypertrophy development have been reported between the
chronic AM compared to PM training [8, 9, 14]. Indeed no change in muscular strength or
hypertrophy is contradictory to reports indicating an optimal muscle hypertrophic environ-
ment with reduced catabolic and elevated anabolic hormones [15–17].
A well established and investigated catabolic hormone is ‘cortisol’, which varies in its con-
centrations throughout a 24-hour period [17]. Cortisol concentrations peak in the AM at
0700hrs to stimulate metabolism, gluconeogenesis and proteolytic activity, subsequently pro-
tein turnover [18]. Cortisol concentrations elevate post resistance exercise in order to stimulate
gluconeogenesis for protein synthesis [19–21]. However, to combine already elevated levels in
the AM, with the performance of AM resistance exercise may result in a catabolic environment
attenuating protein synthesis. Thus, to exercise in the AMmay be counterproductive. In con-
trast, cortisol levels begin to decline after 0700hrs, with a 92% decline between 0600hrs to
2300hrs, possibly indicating a superior pro-hypertrophic endocrine environment at PM [22].
Not all hormones and proteins are controlled through the circadian rhythm, in fact no diur-
nal fluctuations in IGFBPs are observed. Of the six IGFBPs, insulin-like growth factor-binding
protein-3 (IGFBP-3) has been identified as by far the most abundant [23, 24]. IGFBP-3 pro-
longs the circulation and biological action of the protein ‘insulin-like growth factor-1 (IGF-1),
which stimulates muscle hypertrophy [25–30]. Post resistance exercise significant increases in
both IGFBP-3 and IGF-1 are observed to stimulate protein synthesis, subsequently muscle
hypertrophy [31, 32]. In fact, IGFBP-3 has been shown to have a significant and direct effect
on myoblast differentiation, even without the presence of IGF-1 [32]. Therefore performing
resistance exercise when catabolic hormones are diminished (i.e. in the PM) would suggest the
optimal time for muscle hypertrophy development. Thus, to track the concentration of IGFBP-
3 in the AM and PM would enable any change in muscle hypertrophy to be ascribed to the
presence of the binding protein.
To date no other investigation has studied a time-of-day effect of IGFBP-3 and cortisol on
muscle hypertrophy through the treatment of C2C12 mice cell line within human sera. Thus,
the present investigation explores the time-of-day effects of an acute resistance exercise proto-
col on the hypertrophic potential through the treatment of human sera on a C2C12 mice cell-
line. Secondly the concentrations of insulin-like growth factor binding protein-3 (IGFBP-3)
and cortisol will be analysed to help explain any possible difference in cellular differentiation.
Through understanding that, and controlling for, enhanced physical performance in the
evening, along with an expectation of an optimal anabolic and catabolic environment, it was
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hypothesized that PM exercise (1800hrs) would produce a greater post exercise IGFBP-3 flux
compared with AM exercise (0800hrs). Furthermore, it was hypothesized that the evening
would present metabolic and endocrine responses favourable to enhanced muscle growth con-
firmed through C2C12 differentiation.
Methods and Materials
Participants
Twenty-four healthy male university students volunteered to take part in this study (age 21.4
±1.9yrs, mass 83.7±13.7kg). All participants were physically active; however, resistance exercise
was not regularly performed within the last 6 months. Of the 24 participants, 16 were selected
as a control group, to perform additional non-exercising sessions (n = 16, 22±2.0yr. and 84
±6.3kg). All participants provided written informed consent with ethical approval obtained
from the Manchester Metropolitan University Human Ethics Sub-Committee.
Experimental design
To minimise any seasonal variations in hormonal profiles, all testing was performed within
one-month (February) [33]. The testing design was a within-group investigation with partici-
pants, completing the resistance exercise (REP, n = 24) and control (CP, n = 16) protocols (see
Fig 1). Participants completed an exercise familiarisation session 10 days before testing, as well
as a one-repetition maximum (1RM) session five days prior to testing, between the hours of
1200 and 1400. Participants’ 80% 1RM was then calculated and used for the loading intensity
throughout the investigation. Testing was performed over four separate sessions in a rando-
mised order; REP–AM (0800hrs), REP–PM (1800hrs), CP–AM (0800hrs) and CP–PM
(1800hrs). Between each pair of testing sessions a minimum of three days recovery was pro-
vided to reduce the effects of fatigue and hormone fluctuations on performance [34, 35].
Experimental procedures
Exercise familiarisation. All participants were first familiarised with resistance exercise 10
days prior to the intervention. Participants visited the laboratory and performed three sets of
12 repetitions at approximately 50% of one repetition maximum (1RM). Participants per-
formed: seated leg press, chest press, latissimus dorsi pull down, and shoulder press. A mini-
mum of three minutes rest was provided between exercise sets.
Resistance exercise 1RM assessment. Participants’ 1RM was determined between
1200hrs and 1400hrs, to ensure a plateau in hormonal secretion [11]. A warm-up involved 10
submaximal repetitions (30–50% of perceived 1RM) on the following equipment; seated leg
press, chest press, latissimus dorsi pull down, and shoulder press. Exercise load increased in
5–10kg increments until 1RM was determined within 5–7 attempts, with a three-minute rest
Fig 1. Illustration of the experimental design throughout the current investigation. After exercise familiarisation and 1RM
testing, participants performed the following interventions in a randomised order: REP-AM, REP, PM, CP-AM and CP-PM.
doi:10.1371/journal.pone.0161500.g001
Time-of-Day Specific Muscle Hypertrophy
PLOS ONE | DOI:10.1371/journal.pone.0161500 September 1, 2016 3 / 14
period between sets. An attempt was successful if full range of motion and correct technique
was used [36].
Resistance exercise protocol. The strength training session began with a warm up consist-
ing of 50% 1RM for 2 sets and 10 repetitions on the following exercise equipment: seated leg
press, chest press, latissimus dorsi pull down, and shoulder press. Thereafter, participants per-
formed the identical exercises, in the same order; however, the session consisted of 80% 1RM
for 3 sets and 10 repetitions, with a two-minute rest between sets. These loads, sets, repetitions
and rest periods were selected as they have previously shown to elicit significant hormone
secretion post resistance exercise [37]. During all exercise sessions, at least one of the authors
was present to ensure correct technique and adherence to the exercise protocol.
Control protocol. During the CP sessions participants sat quietly for 40 minutes, which
was the same period as the resistance exercise protocol.
Metabolic and adherence procedures. To minimise any accumulation of fatigue, partici-
pants were asked not to perform exhaustive physical exercise within 48 hours of the experi-
mental sessions. Furthermore, on the morning of the REP and CP sessions, until resuming that
evening’s session, participants wore a pedometer with the requirement to remain below 1000
steps. If participants exceeded the step limit, they were instructed to rearrange another testing
sessions.
Prior to each testing session all participants were fasted (10 hours) to prevent any nutri-
tional factors affecting hormonal levels [38]. Glucose levels were sampled prior to the session
to confirm the participants’ fasted status (Accu-Chek advantage, Roche Diagnostics LTD, West
Sussex, England). Blood glucose readings outside the expected range (4–7 mmol/L) were con-
sidered non-fasted and participants were asked to arrange another testing session.
Fingertip blood samples were collected immediately pre and post intervention to analyse,
haematocrit and serum volume (Micro-Haematocrit Centrifuge: 100g, 5-minutes, Micro-Hae-
matocrit reader). Axillary temperature was measured pre exercise using an infrared ear ther-
mometer to determine any time-of-day effect on core temperature and hence infer any effects
on cellular enzyme activity (Livingstone Infrared Ear Thermometer, Livingstrone International
Pty LTD, Rosebery, Australia) [39].
Blood collection. A subsample of participants (REP: n = 10, CP: n = 6) were randomly
selected to have their blood samples analysed for IGFBP-3 and cortisol. Whilst all blood sam-
ples (REP: n = 24 and CP: n = 16) were pooled based on the time collected (AM-pre, AM-post,
PM-pre and PM-post) and applied to the C2C12 mice cell-line for myotube width and myo-
genic index development.
Five minutes before and after the REP and CP intervention, fasting blood samples (5mL)
were collected from the medial antecubital vein using a 21 ml gauge needle (S-Monovette, Sar-
stedt, Germany) and following each REP and CP session. Once all formalities were concluded,
the REP performed a strength training protocol (~40 minute); whilst during the CP sessions
participants remained seated for the same time.
Enzyme linked immuno-sorbent assay (ELISA). Blood samples were placed on crushed
ice to coagulate for up to 1h, prior to centrifuging at 5000rpm at room temperature. The result-
ing sera samples were stored at -20°C for later analysis. Pre and post-exercise circulating levels
of IGFBP-3 (R&D Systems Inc, Minneapolis, USA. Sensitivity- 0.05 ng/mL; intra-assay vari-
ability as stated by the manufacturers = 2.2% and in our lab = 4.6%) were determined using the
standard enzyme linked immuno-sorbent assay (ELISA) technique. Sera levels of cortisol
(R&D Systems inc. Minneapolis, USA. Sensitivity<0.071 ng/ml; Intra-assay variability as
stated by the manufacturers = 7.0% and in our lab = 7.1%) were also assessed to confirm that
time-of-day was chosen appropriately to distinguish between the acro- and bathyphases of the
strength-related circadian rhythm, as well as to represent realistic times for training sessions.
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The optical density of each well in the 96-wells plate set-up was read using a microplate reader
(EL808, Biotek instruments, Winooski, USA), with the IGFBP-3 and cortisol standard curves
(four-parameter logistic regressions Y = (A-D)/ (1+(X+C) ^B) +D) drawn using Gen5 version
1.06 data analysis software (BioTek Instruments, Winooski, USA).
Cell lines, cell culture, and treatments. The sera was pooled within experimental phase
(AM-pre, AM-post, PM-pre, PM-post), for use in the incubation of the skeletal muscle cell
line, C2C12, during the differentiation phase of growth. C2C12 cells were sourced from the
European Centre for Animal Cell Culture (ECACC, Porton Down, UK). Passage seven cells
were stored in liquid nitrogen prior to use and were cultured under aseptic conditions. Cells
were revived rapidly in a water bath at 37°C. Cells were added drop-wise to culture medium
and centrifuged at 100 g for 5 minutes. Media was discarded and the cell pellet was resus-
pended in fresh growth medium (GM) (DMEM, Lonza, Slough, UK) supplemented with 10%
heat inactivated 10 μm sterile syringe filtered foetal bovine serum (FBS, Lonza, Slough, UK),
1% L-Glutamine (L-Glut, Lonza, Slough) and 1% penicillin-streptomycin (Pen-Step 10,000
units/ml penicillin G, 10mcg/ml streptomycin sulphate Lonza, Slough, UK). Cells were cul-
tured in 175 cm3 flasks in a 5% CO2, 37°C humidified cabinet (CB series CO2 Incubator, Binder
Inc, USA). Cells were briefly rinsed in sterile phosphate buffered saline (PBS, Sigma Poole UK)
and then incubated for five minutes in trypsin-ethylenediaminetetraacetic acid (170000units/L
trypsin, 200mg/ml EDTA, Lonza, Slough UK) which had been pre-warmed to 37.5°C. Follow-
ing this, cells were centrifuged at 100 g for 5 minutes, waste trypsin was discarded and cells
were resuspended in 1ml of media prior to counting.
Thus, 10,000 cells (counted using a standard haemocytometer) per well were seeded into 24
well plates and cultured in GM overnight. Upon reaching 70% confluence, the cells were
switched into treatment media as follows; DMEM containing 2% horse serum (HS-control) or
DMEM containing 2% of pooled human serum. Cells were cultured for 96 hrs with treatment
media replenished at 48 hrs. Cells were immunocytochemically (ICC) stained using a com-
monly used myogenic marker as described below. Differentiation status was assessed using the
following morphological markers; myotube diameter and myogenic index.
Heavy chain myosin (MyHc) ICC staining was performed as follows: media were removed
and cells were rinsed in PBS prior to fixing using ice cold absolute methanol for two minutes at
-20°C. Cells were washed three times with PBS and then blocked with 5% BSA for 30 minutes
at room temperature. BSA was removed and cells were incubated for 45 minutes with MF-20
(MyHc) antibody, concentration 1:250 (38μg/ml) in 5% bovine serum albumin (BSA) (Devel-
opment studies Hybridoma Bank, University of Iowa, USA). After washing in PBS, cells were
incubated in the dark at 25°C with goat anti-mouse AlexaFluor1-546 IgG (Invitrogen, Paisley,
UK) at a concentration of 1:2000 (2μg/ml) in PBS for 30 minutes. Cells were washed in PBS,
counterstained with 10 μl 4’, 6-diamidino-2-phenylindole (DAPI) and covered using glass cov-
erslips. Cells were visualised using Nikon TE-2000 inverted fluorescent microscope (Nikon UK
Ltd, Kingston upon Thames, UK). Images were captured with a Hamamatsu Orca camera
(Hamamatsu Phototronics, Herts, UK) and merged using Image Pro Lab v4.0 image analysis
software (BD Biosciences, Oxford, UK). Diameters in micrometers (μm) were obtained using
the measure toolbar on IP lab 4.0 software. Nuclei numbers per captured image were obtained
using Image J v1.44p (National Institute of Health, USA) with the ITCN plug in (Image-based
Tool for Counting Nuclei).
Statistical analysis
SPSS version 21.0 for Windows was used for all statistical analyses. Test-order impact on pre-
exercise blood glucose was carried out using an unpaired t-test on the AM vs PM difference. As
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cortisol levels and blood volumes pooled data obeyed the assumptions of parametricity,
Mixed-Design 4×2 ANOVAs (with Greenhouse-Geisser adjustments where required) were run
with within factor as the intervention phase (pre-post training, AM vs. PM) and between factor
as the protocol (Exercise vs. Control). Myogenic index (%) data were analysed using a one-way
ANOVA performed with a bonferroni post hoc test to run pairwise comparisons. Since the
pre-exercise morning IGFBP-3 and blood lactate data were non-normally distributed (as deter-
mined by the Shapiro-Wilk test) and logarithmic transformations did not remove the kurtosis
in the distribution, Wilcoxon signed-rank and Mann-Whitney U tests were used to determine
the pairwise comparison in the trained data sets. A repeated measures ANOVA was run on the
control IGFBP-3 levels data with post-hoc pairwise comparisons with LSD adjustments. For
between protocol differences (trained vs. control) in IGFBP-3 levels, a Wilcoxon signed rank
test was employed. Pearson moment correlations were used to determine any association
between endocrine parameters levels. Friedman (for within group changes) and Kruskal-Wallis
(for between group differences) tests were used to determine differences in Myotube size at Pre
vs. Post, AM vs. PM. Data are presented as mean ± SEM and significance was set with α
0.05.
Results
Metabolic and adherence variables
All participants adhered to the step count criteria (1000 steps), in the REP and CP groups.
Fasting criteria was followed with no difference between pre exercise AM (5.7±0.8 mmol/L)
and PM (5.5±0.8 mmol/L) blood glucose levels (P>0.05). Furthermore, pre exercise axillary
temperature indicated a between group difference (P<0.001) at PM (37.3±0.0°C) compared
with AM (36.9±0.0°C). Lactate concentrations were significantly (P<0.001) elevated post exer-
cise in the evening (AM: 5.8±0.1mmol/L; PM: 6.4±0.1mmol/L). Haematocrit and serum values
all significantly (P<0.001) changed pre to post exercise at AM and PM (Table 1). No change in
CP data was observed at AM, PM or pre and post quiet seating (P>0.05).
Hormone concentrations
Fig 2 shows that no significant main effect was present for cortisol change during training at
AM (14.8±15.5%, P = 0.72) or PM (19.2±23.3%, P = 0.99). However, absolute cortisol concen-
trations were significantly reduced at pre (-43.0±7.5%, P = 0.002) and post (-41.0±8.7%,
P<0.001) exercise in the PM compared with the AM. Similar results were observed in the CP,
with no difference pre vs post (AM: P = 0.21, PM: P = 0.99), whilst PM-pre and PM-post were
significantly reduced compared with AM-pre (P = 0.008) and AM-post (P<0.001).
Table 1. Haematocrit and serum percentage change in Resistance Exercise and Control groups.
Resistance exercise Control
AM PM AM PM
Serum (%)
Pre 55.5±0.8 55.9±0.8 54.1±0.4 54.8±0.4
Post 53.3±0.9 53.9±0.9 54.6±0.4 55.3±0.4
Haematocrit (%)
Pre 44.5±0.8 44.1±0.8 45.8±0.4 45.1±0.4
Post 46.7*±0.9 46.1*±0.9 45.3±0.4 44.6±0.4
Mean±SEM.
* denotes signiﬁcance pre to post.
doi:10.1371/journal.pone.0161500.t001
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A group picture emerged where a significant difference in the change in IGFBP-3 from pre-
to post-exercise between the AM and PM exercise sessions. Overall, PM exercise showed a 14.0
±6.7% greater response (when the increment at PM is compared to the decrement at AM) in
IGFBP-3 compared with AM training sessions (P = 0.032) (Fig 3). In the CP, results revealed
no pre vs post (P>0.05) or AM vs PM differences (P>0.05)
Cell culture
Myogenic index was significantly elevated at PM-pre compared with AM-pre (113.7±14.5%,
P<0.001). In contrast post exercise produced increased AM-post values to PM-post (174.7
Fig 2. Cortisol concentration (nl/mL) pre and post resistance exercise in the morning (0800hrs) and
evening (1800hrs). * denotes significance. Mean ± SEM.
doi:10.1371/journal.pone.0161500.g002
Fig 3. Pre and Post percentage change at AM and PM in Insulin-Like Growth Factor Binding Protein-3
concentrations. * denotes significance. Mean ± SEM.
doi:10.1371/journal.pone.0161500.g003
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±42.1%, P = 0.01) (Fig 4A). HS-control sera also produced significant myogenic index values
comparing pre and post at AM and PM (P<0.05). Myotube width was significantly greater at
pre exercise in the PM (118.9±26.7%, P<0.001) compared with AM. Interestingly, no myotube
width difference between exercise conditions was evident in the post exercise serum-treated
cells (19.3±7.3%, P>0.05) (Fig 4B). Post exercise PM exercise produced superior myotube
width compared with the HS-control (P<0.001). Finally, the HS-control sera produced supe-
rior (P<0.05) myotube width compared with all remaining time points (AM-pre, AM-post
and PM-pre).
Discussion
This investigation is to our knowledge the first to investigate the presence of any time-of-day
effect on the acute IGFBP-3 and cortisol responses to resistance exercise, after standardising
the level of physical exertion. Ours is also the first investigation to illustrate, through in vitro
C2C12 cellular differentiation in the presence of human sera sampled at varying exercise con-
ditions, how diurnal hormonal variation may optimise musculoskeletal hypertrophy. With two
sessions chosen to coincide with either high or low cortisol levels, our results reveal a time-of-
day effect on the IGFBP-3 response to resistance exercise in healthy male adults. More specifi-
cally, the overall difference in the acute IGFBP-3 responses of AM versus PM training was sig-
nificant (a 14.0 ± 6.7% difference). Sera volumes cannot explain these changes as there were no
AM to PM differences. We can also postulate that with low levels of cortisol in the evening, the
cellular environment favours an enhanced anabolic potential as suggested through the high
pre-exercise PMmyogenic index (%) and myotube width (μm). The above in vivo effects may
partially be mediated through greater energetic demands on the skeletal muscle systems in the
evening, as evidenced through the greater lactate levels at PM both in resting and post-exercise
states.
These findings provide a key insight into the response patterns of the circulating ternary
complex (IGF-1, IGBP-3 and acid-labile subunit (ALS) complex) following resistance exercise
at different times of the day. A greater increase in IGFBP-3 following resistance exercise in the
evening, could suggest an increase in the amount of free IGF-I available [40]. However we
must acknowledge here that the evidence is not necessarily for free IGF-I to increase when
Fig 4. Mice cell-line (C2C12) treated with AM and PM pre and post exercise serum. a) Myogenic index, b) Myotube width.* denotes pre-exercise
significance, # denotes post exercise significance, ^ denotes significance to control, † denotes significance to pre and post exercise. Mean ± SEM.
doi:10.1371/journal.pone.0161500.g004
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IGFBP-3 levels acutely augment with resistance exercise, since the evidence also suggests that
IGF-I may in fact attach to different binding proteins depending on the exercise status [41].
Whatever the case, the present data suggests that the acute effects of high resistance training on
the IGF-I system is linked to an alteration in the partitioning of the ternary complex, to a
degree that can be detected in the systemic circulation [41].
When investigating the daily variation in IGFBP-3 concentrations, previous work has
shown a systematic change in the resting levels of this ligand. Thus, a relative plateau is seen
between 0800–1500hrs after which a lower plateau is observed between 1500–2000hrs, fol-
lowed by a steeper decline between 2000–0800hrs [42]. Our data are very much congruent with
these observations. The changes we observe with IGFBP-3 in the current study in the training
(but not the control) population would support the idea that total IGF-1 does not have a diur-
nal rhythm. If we also accept the idea that free IGF-1 levels mirror IGFBP-3 concentrations
[32], thus, PM provides an environment for increased hypertrophic milieu. In addition, the
control group data does in fact reflect that of previous reports [42] and supports our interpreta-
tions that the changes discussed here are due to an acute training response rather than a circa-
dian effect.
In terms of previous literature on the hormonal impact of resistance exercise, a previous
study found no significant increase in IGFBP-3 immediately following resistance exercise [40].
Interestingly, while these authors scheduled their exercise session at a similar time to the pres-
ent investigation’s AM session, they reported a mean increase of 12ng/ml (a 0.4% change,
P>0.05) following resistance exercise, whereas a -1.7% change, P>0.05 was discovered in the
present investigation. Although none of the trends in either ours or this previous report were
statistically significant, there is a suggestion of a between studies difference nonetheless, and we
propose this effect could have been due to the previous authors including a pre-exercise meal
[40]. This pre-feeding may have influenced the post-exercise IGFBP-3 value and the subse-
quent increase compared to the fasting pre-exercise IGFBP-3 value in our current investiga-
tion. Similarly, reports indicate a significant increase in IGFBP-3 following resistance exercise,
however, this increase was compared to a control group rather than a within subject compari-
son [41]. Therefore inter-individual differences could have been partly responsible for the
270ng/ml (~7.6%, P<0.05) increase in IGFBP-3. In contrast, participants in the present investi-
gation were required to fast for 10 hrs prior to both exercise sessions, in order to limit the influ-
ence of prandial state. Furthermore, our blood glucose readings highlight that there was
neither a lack of adherence to the fasting request, nor an overlong period of under supplemen-
tation of nutrients.
Regarding the possibility that the changes observed in the hormonal concentrations may
have been caused by alterations in blood fluidity, it should be noted that no change was
observed in packed blood cell volume when comparing 0800hrs (~41.75%) with ~1800hrs
(~42.75%) [43]. In contrast, previous investigations have reported a reduced plasma volume
(~3.5%) at PMmeasurements when compared with AM [44]. Furthermore, resistance exercise
has shown to reduce plasma volume by 13% [45]. In fact, the effect of exercise on plasma vol-
ume does not appear to alter with time-of-day [44]. This is an effect we also found in the pres-
ent investigation in that training did not differentially change the acute plasma volume
decrease (probably since the same load was used for the two training sessions). Therefore, with
the current research question focussed on the differential acute hormonal response to training,
we may conclude that our data demonstrate a time-of-day effect on both IGFBP-3 concentra-
tion and total levels changes in response to training.
Examining time-of-day effect on cell differentiation further supports the idea that training
in the evening (1800hrs) may provide an optimal hypertrophic environment. Previous work
investigating anabolic and catabolic concentration ratios indicates a superior anabolic
Time-of-Day Specific Muscle Hypertrophy
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environment in the evening [15]. More specifically cortisol concentrations are significantly
reduced in the evening matching our findings. Furthermore, the greater change in IGFBP-3 in
the evening may elicit increased IGF-1 levels, which has shown to reduce glucocorticiod
expression and promote protein synthesis through phosphatidylinositol 3-kinase (PI3K)-Akt
pathway [46]. The capacity of IGF-1 is to rapidly inhibit catabolic processes and increase cellu-
lar proliferation and differentiation [46]. Further contributing to this environment, is higher
PM body temperature, which would enhance enzyme activity [47].
Our cell culture data (C2C12 myogenic index (11.5±1.6% AM vs 4.6±0.9% PM) and myo-
tube width (48.0± 2.0μmAM vs 71.6±1.9μm PM adaptations) illustrate that, of the two time
options tested, the optimal time to enhance muscle cross-sectional area is 1800hrs. Indeed
together with the pre-exercise lower cortisol concentration, and similar IGFBP-3 concentra-
tions at PM, our observations suggests a positive anabolic environment for the muscle cell,
thereby leading to increased protein synthesis potential [48]. This positive potential may also
be attributed to the high PM blood lactate (the latter shown both in the present study and a
previous report [49]).
Interestingly, Foulstone, et al. (2003) concluded that timing and amount of IGFBP-3 present
within a cellular environment is critical [32]. High levels of IGFBP-3 too early during differen-
tiation will prevent the initial round of proliferation producing lower myoblast number and
smaller myotubes. However, post-exercise AM saw a significant increase in myogenic index
(%) with no change in cortisol and IGFBP-3 concentration. The reduced concentration of
IGFBP-3 post-exercise AMmay have contributed to the increased myogenic index (%) when
considering Foulstone’s conclusions.
With evidence suggesting IGFBP-3 concentration inhibits proliferation when concentra-
tions are ‘too much too early’ and evidence indicating protein synthesis increases 2–3 hours
post resistance exercise [50] we must consider all viable possibilities to why post-exercise PM
myotube width (μm) did not continue the same pattern as produced by pre-exercise PM. One
possibility previously mentioned could be blood lactate concentrations, interestingly blood lac-
tate has correlated with Interleukin-6 which is released post muscular damage and inhibits pro-
tein synthesis [51]. However Pledge, et al. (2001) dismissed this conclusion indicating exercise
or time of day does not interfere with clinical endocrine profiling of IL-6 [52]. A further possi-
bility could be the energy sensing cellular pathway AMP-activated protein kinase (AMPK)
which inhibits protein synthesis [50]. Results presented that immediately following a bout of
resistance exercise, AMPK activity increased by 75%, supressing downstream protein synthesis
pathways by 36%.
Unlike the present study, many of the previous studies focusing on the IGFBP-3 and cortisol
response to resistance exercise [40], have used varying loads. Notably, Bermon, et al. utilised
two sets of 12 repetitions at 12-RM and four sets of 5 repetitions at 5-RM [40]. While Nindl
et al. [41] alternated between 10- and 5-RM loads, calculated as 70 and 85% 1-RM. Other
researchers, including Kraemer et al. [53] used a load (50% 1RM) considerably lower than the
load used for the afore-mentioned (‘variable load’) studies. When investigating testosterone:
cortisol ratio change in response to resistance exercise, a similar protocol (75% 1RM, 8–10 reps
x 3 sets) produced comparable results to the present study [15]. Although testosterone was not
measured in the present investigation, the increased myotube width (μm) and myogenic index
(%) pre PM exercise suggests that high levels of testosterone were present. It is important to
consider experimental load when comparing results, as the use of differing loads appear to lead
to a differential impact on the hormonal response to the resistance exercise [54–56]. Our works
nevertheless further supports the idea that heavy resistance exercise protocols elicit an acute
hormonal response, which destabilises the tertiary complex, allowing its individual compo-
nents to impart their physiological effect. Moreover, this is the first demonstration of a diurnal
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aspect to the magnitude of this hormonal response. Our data therefore pave the way for future
research as it provides the rationale for investigations into determining the range and magni-
tude of the IGF proteins acute response to training, to manipulate endocrine profile simply
through time-of-day.
There is a multitude of endocrine factors involved in the post-training response. Whilst it
was beyond the scope of our research to investigate all potential pathways for the key outcome
of interest (i.e. muscle hypertrophy), we have investigated the impact of this cocktail of endo-
crine factors through culture of the C2C12 model, in order to determine the overall impact of
the range of hormonal changes on the hypertrophic potential of skeletal muscle cells. However,
we recognise that it is not simply the acute signalling changes that are important but the con-
tinued endocrine profile. Indeed it is known that the increase in protein synthesis which leads
to protein accretion and subsequent muscle growth from an acute bout of resistance exercise
lasts for up to 48 hours following exercise [57]. In relation to this, changes in the ternary com-
plex and subsequently the possibility of changes in free IGF-I, beyond 13 hours after resistance
exercise is unknown, as this time lapse is the longest period of time in which the IGFBP-3 and
the other constituents of the ternary complex have been monitored. Nonetheless, our work is
seminal in specifically aiming to provide the first clue of the changes associated with time-of-
day-related hormonal profile impact on the acute training response.
Future research investigating the cellular response to IGFBP-3 and cortisol to resistance
exercise should take account of this and monitor the whole ternary complex for 48 hours fol-
lowing exercise. Future work should also aim to investigate a) the duration of the observed
PM-related increased hypertrophic potential i.e. whether it is simply acute or is in fact main-
tained over up to 48 hours, b) whether the acute (and if found, the 48-hours sustained) endo-
crine response would have a chronic impact on muscle hypertrophy in vivo. Indeed there is a
line of thought that proposes that endocrine factors may not necessarily be markers of hyper-
trophic potential in adults [58, 59]. Practically, research would need to be carried out where
this manipulation of the timing of resistance training would be made in a chronic fashion (e.g.
3 or more weeks when using the more sensitive assessments of lean tissue content such as
MRI). Such a study would involve a group training at PM compared to a group training at the
proposed ‘less advantageous time-of-day (i.e. AM), in order for any definitive statement
regarding the practical importance our current findings to be made. In addition, future work
could also use our new model of demonstrating proof of principle of endocrine milieu effects.
In conclusion, the present study (S1 File) demonstrates that there is a time-of-day effect on
the IGFBP-3 response to resistance exercise confirmed through cell culture with the evening
exercise session producing an enhanced hypertrophic milieu. The response of the whole ter-
nary complex for an extended period of time in order to identify the mechanisms responsible
for IGF-I stimulated satellite cell activity, is warranted in future work. Future work should also
look to incubate the cell culture for different time periods, hence extracting information on the
time course of the effects.
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